Plants synthesize a number of antimicrobial proteins in response to pathogen invasion and environmental stresses. These proteins include two classes of chitinases that have either basic or acidic isoelectric points and that are capable of degrading fungal cell wall chitin. We have cloned and determined the nucleotide sequence of the genes encoding the acidic and basic chitinases from Arabidopsis thaliana (L.) Heynh. Columbia wild type. Both chitinases are encoded by single copy genes that contain introns, a novel feature in chitinase genes. The basic chitinase has 73% amino acid sequence similarity to the basic chitinase from tobacco, and the acidic chitinase has 60% amino acid sequence similarity to the acidic chitinase from cucumber. Expression of the basic chitinase is organ-specific and agedependent in Arabidopsis. A high constitutive level of expression was observed in roots with lower levels in leaves and flowering shoots. Exposure of plants to ethylene induced high levels of systemic expression of basic chitinase with expression increasing with plant age. Constitutive expression of basic chitinase was observed in roots of the ethylene insensitive mutant (etr) of Arabidopsis, demonstrating that root-specific expression is ethylene independent. Expression of the acidic chitinase gene was not observed in normal, untreated Arabidopsis plants or in plants treated with ethylene or salicylate. However, a transient expression assay indicated that the acidic chitinase promoter is active in Arabidopsis leaf tissue.
Plants have developed several biochemical defense mechanisms in response to pathogens and abiotic stresses. Following pathogen attack, plants synthesize phenylpropanoid products such as lignin, low mol wt antimicrobial compounds known as phytoalexins, and several defense-related proteins. Among these proteins are the 'pathogenesis-related proteins' which include the fungal cell wall degrading enzymes chitinase and (-1,3-glucanase (29) .
Endochitinases from higher plants catalyze the hydrolysis of chitin, a f,-1,4-linked homopolymer of N-acetyl-D-glucosamine. The level of chitinase activity increases dramatically after invasion by fungal (13, 16) , bacterial (3) , or viral pathogens (15) . Although chitin does not exist in plant cells, it is a major component of the cell walls of many fungi (1) . Purified plant endochitinases have antifungal activity against some fungi in vitro (23) and can act synergistically with f3-1,3-glucanases purified from plants to inhibit fungal growth (18) .
Furthermore, the presence of pathogenesis-related proteins is associated with the hypersensitive response ( 15) and induced resistance (28) . These observations suggest that chitinases are part of a general disease resistance mechanism.
In response to pathogens, plants synthesize two classes of chitinases with either basic or acidic isoelectric points. These two classes appear to be targeted to different parts of the cell, and there is evidence that they are differentialay regulated. Acidic chitinase is found in the intercellular space of infected plants and plants treated with salicylic acid or necrotizing salt solutions (20) . Basic chitinase accumulates in the central vacuole (19) and is systemically induced by ethylene, a stressrelated hormone (5) . Most plants synthesize a number of related chitinase isozymes encoded by a multigene family (5, 13, 15) . In some cases, these isozymes are differentially regulated during plant growth (27) and pathogen invasion (17) . The mechanism oftissue specificity and differential induction of chitinases is only beginning to be elucidated. Recently, two basic chitinase genes from bean were shown to be transcriptionally regulated by ethylene, and the 5' flanking sequences sufficient for ethylene-dependent expression of one of these genes were defined (4) .
We have initiated an investigation into the regulation of the chitinase gene family from Arabidopsis thaliana (L.) Heynh. Columbia wild type. This plant is widely used as a model in plant molecular genetic studies because of its small genome size and simple genomic organization (21) . Here we report the isolation, sequencing, and expression analysis of single copy genes encoding acidic and basic chitinases in A. thaliana. These genes share little sequence homology and are interrupted by introns. The basic chitinase gene displays agedependent and tissue-specific expression and is induced by treating plants with ethylene. Expression of the acidic chitinase gene was not detected in normal, untreated plants nor in plants treated with ethylene or salicylic acid.
MATERIALS AND METHODS Isolation and Characterization of the Basic Chitinase Gene
An Arabidopsis thaliana (L.) Heynh. Columbia wild-type genomic library (11) was screened by plaque hybridization using a nick-translated maize cDNA encoding a basic chitinase (C Hironaka, D Shah, manuscript in preparation). Hybridization was carried out at 37°C in 35% (v/v) formamide, 5 x SSC, 5 x Denhardt's solution, 0.2% (w/v) SDS, and 100 ,ug/mL tRNA. Filters were washed sequentially in 3 x SSC, 0.2% (w/v) SDS for 30 min at room temperature, 37°C and 50 'C. Restriction mapping of a positive clone was carried out using LambdaMap (Promega Biotec). A 3.1 kbp' EcoRI-BglII fragment containing the entire chitinase coding sequence was cloned into pBluescript KS (Stratagene) to create pMON8783.
For sequencing, a series of clones containing overlapping unidirectional deletions were made with exonuclease III and Sl nuclease (9) (30) and sequenced.
Isolation and Characterization of the Acidic Chitinase Gene
Two 16-fold degenerate 17 bp oligonucleotides were synthesized (Achiti: 5'CCA/GTTC/TTGc/GCCCCAA/GTA3'; Achit2: 5tCCA/GTTT/cTGA/TCCCCAA/GTA3") that correspond to the N-terminal amino acid sequence (Tyr-Trp-GlyGln-Asn-Gly) that is conserved in the acidic chitinases of rubber, cucumber, and Parthenocissus quinquifolia (20) . The Arabidopsis genomic library was screened with a mixture of these probes as described previously (26) . Hybridizations were carried out in 6 x SSC, 10 x Denhardt's solution, 0.5% (v/v) Nonidet P40, and 200 ,ug/mL tRNA at 42 C. Filters were washed sequentially in 6 x SSC for 20 min at room temperature and 42 'C and for 5 The protein deduced from the nucleotide sequence is 335 amino acids long and is very similar to other plant basic endochitinases, particularly at the carboxyl terminus (Fig. 3 ). By comparison with the amino acid sequences of basic chitinase from tobacco (27) , a hydrophobic signal peptide of 33 amino acids is predicted at the amino terminus of the Arabidopsis basic chitinase. The mature protein is highly hydrophilic and has a net basic charge. The Arabidopsis chitinase is most similar to the tobacco chitinase with 73% amino acid sequence identity between the two mature enzymes (27) . The bean and Arabidopsis chitinases have 71% identity, and the potato and Arabidopsis amino acid sequences are 69% identical.
Characterization of the Acidic Chitinase Gene
Degenerate oligonucleotides corresponding to a conserved six amino acid sequence from the N terminus of the acidic After 24 h, the leaves were stained with the GUS substrate (12) and examined for blue GUS-positive spots.
RESULTS

Characterization of the Basic Chitinase Gene
Approximately 60,000 plaques of an Arabidopsis genomic library were screened with a maize basic chitinase cDNA. Four chitinase-positive phages were purified and analyzed by DNA filter hybridization. All contained the same 3.5-kbp BamHI fragment hybridizing to the maize probe. The basic chitinase coding region from one clone, XA2, was mapped to a 3.1-kb EcoRI-BglII fragment ( (Fig. 2) . The basic chitinase coding region is divided into two exons of 459 and 551 bp by an intron of 476 bp. The position of the intron was deduced by comparing the sequence to the basic chitinase genes from tobacco (27) , bean (5) , and potato (7). The intron is 74% A + T while the coding regions are 49% A + T. The consensus intron-donor sequence, GGT, and the acceptor sequence, AGG (22) , are present at the intron-exon borders. This is the first report of an intron in a chitinase gene.
Two cDNA clones that hybridized to the basic chitinase gene probe were isolated from a library made from RNA of plants treated with ethylene. The sequences of the cDNAs exactly matched the sequence of the coding region of the genomic clones, confirming the position of the intron. Interestingly, the two cDNAs use different polyadenylation sites located at 85 bp and 214 bp from the termination codon (Fig.  2) .
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www.plantphysiol.org on January 22, 2018 -Published by Downloaded from Copyright © 1990 American Society of Plant Biologists. All rights reserved. izing bands in each lane (Fig. 6) (5) . Leaves ofArabidopsis plants were also wounded by crushing, an injury which has been reported to induce basic chitinase in bean (8) .
We found that expression of the basic chitinase gene in Arabidopsis is age-and organ-dependent (Fig. 7) . Low likely expressed in Arabidopsis. The (25) and hydroxyproline-rich glycoprotein (6) show tissue-specific and stimulus-specific expression. Similarly, the chitinase Ch 1 in pea is expressed during fungal attack and after ethylene treatment, whereas a different chitinase, Ch2, is expressed primarily in maturing seed pods (17) . Because the Arabidopsis chitinase genes are each encoded by single copy genes, the regulation and the promoters of these genes may be complex. It may be possible to identify cis-acting elements in these promoters that are responsive to different tissue-specific and environmental signals.
In bean, the ethylene-responsive promoter region for induction of chitinase has been identified (4) . Expression of at least two ofthe basic chitinase isoforms is induced by ethylene, and both genes are transcriptionally regulated. No (27) . By examining the expression of basic chitinase in the ethylene insensitive mutant ofArabidopsis, we have demonstrated that the constitutive expression in roots is ethylene independent.
We could not detect expression of the acidic chitinase in total RNA of untreated Arabidopsis plants or in plants treated with salicylic acid or ethylene. However, activity of the acidic chitinase promoter region was detected when it was fused to the f3-glucuronidase reporter gene. Possibly, this activity was induced by the wounding caused by entry of the tungsten micro-projectiles. Because the acidic chitinase mRNA was not detected in total RNA from wounded whole leaves, expression may be highly localized to the cells directly adjacent to the wound or occur for a brief time shortly after wounding. The expression of basic and acidic chitinases is induced by pathogens, but it is not known if both forms of the enzyme are coordinately regulated. We are currently investigating whether infection by pathogens will induce acidic or basic chitinase gene expression in Arabidopsis. The availability of molecular probes for acidic and basic chitinases will facilitate experiments to understand the mechanism of regulation and targeting of these enzymes and to evaluate their relative importance in plant defense. (Fig. 2) which reduces the signal peptide to 20 amino acids.
